This work provides new insights on microstructure and electrical properties of 3 mol% Y 2 O 3 -ZrO 2 (3YTZP) composites with 0.5, 1, and 1.5 vol% single walled carbon nanotubes (SWNTs). The composites were spark plasma sintered (SPS) in identical conditions at 1250 ºC from powder prepared by two different processing routines, with the aim of optimizing the SWNTs dispersion throughout the ceramic matrix. High densification and submicrometric grain size were achieved in all the composites.
Introduction
The exceptional mechanical behavior and outstanding multifunctional features of carbon nanotubes (high Young' modulus, high tensile strength, elevated resilience, high electrical conductivity or good thermal conductivity) have made them ideal materials to tailor ceramic composites at nanometric scale, because it was expected that some of the attractive properties of CNTs would be transferred to the resulting composites. [1] [2] [3] [4] Nowadays, the development of industry and society requires composite materials not only possessing excellent mechanical properties but also outstanding functional properties, and the study of composites with CNTs have been shown to be one of the emerging areas within the study of nanotubes, with an increase from 13 to 27% of the total publications from 2001 to 2011. 3 In the last years, the thermal and electrical properties of CNT ceramic matrix composites have been studied in several research papers, including thermal or electrical conductivity, [5] [6] [7] thermal shock resistance, 8 electrical percolation threshold [9] [10] [11] [12] [13] or dielectric behaviour. 9, 10 Enhanced electrical conductivity and dielectric constant values have been reported for composites with Al 2 O 3 7,9,12 or zirconia 10, 13 matrix when the CNT concentration approaches to the percolation threshold.
The study of the AC electrical properties of ceramic/CNT composites has recently also come into focus [14] [15] [16] [17] and the different contributions to electrical conductivity in composites with a percolating network have been analysed. Charge transport along the CNT shells and hopping conduction across nanotube-nanotube junctions were proposed as the main contributions to conductivity in Si 3 N 4 /multi walled carbon nanotubes (MWNT) composites at room temperature. 16 The study of temperature dependence of conductivity from 5 to 300 K carried out by Ahmad et al. 15 for Al 2 O 3 /MWNT composites suggested that for temperatures higher than 50 K, conduction can be ascribed to thermal fluctuation-induced tunneling of the charge carriers through junctions between MWNTs, while at temperatures below 50 K, the conduction can be attributed to three dimensional variable range hopping through
MWNTs network in the alumina matrix. Fluctuation-induced electron tunnelling across nanotube-nanotube junctions was also pointed as responsible for conduction in 3YTZP/SWNT composites from room temperature to ~180 ºC, 17 whereas at higher temperatures, a mixed ionic-electronic conductivity was proposed. 14, 17 One of the main obstacles to the obtaining of ceramic matrix composites with optimized properties is the difficulty in achieving a homogeneous distribution of CNTs throughout the ceramic matrix. 4 The tendency of CNTs to form bundles due to Van der Waals forces, and also the phase separation and demixion thermodynamically promoted when mixing thin rods (CNTs) with spheres (ceramic powder) 12 inhibit the adequate dispersion of CNTs in the ceramic powder, resulting in the presence of CNT agglomerates in the composite microstructure after sintering. Although aqueous colloidal processing including CNT acid-treatment has been shown to be an efficient technique in order to obtain adequate dispersion of CNTs in ceramic matrix composites, 18 the presence of agglomerates seems to be unavoidable. 17, 19, 20 Recently, processing efforts devoted to minimize the presence of these agglomerates, including new steps in colloidal processing such as CNTs or composite powder blend freezedrying or high-energy sonication by means of ultrasonic probe, have been approached. 12, 17, 21, 22 Significant effects of the processing route on CNT dispersion and high-temperature mechanical properties have been reported for 3YTZP/SWNT composites. 21 Regarding the electrical properties, in a previous study 17 we have shown that the presence of SWNT agglomerates or high-diameter bundles results in high nanotube-nanotube junction resistivity, which will hinder the overall composite conductivity. 17 In this context, the study of the effect of processing on the CNT distribution and on the electrical properties appears as a challenge. To the best of our knowledge, studies on the influence of processing routine on the electrical properties of ceramic matrix composites have not been published up to date.
In this study, 3 mol% Y 2 O 3 -ZrO 2 composites with 0.5, 1 and 1.5 vol% SWNT were spark plasma sintered from powder prepared by two different aqueous colloidal processing routines, with the aim of optimizing the SWNTs dispersion throughout the ceramic matrix and minimizing the presence of SWNT agglomerates. Microstructure and phases of the sintered materials have been characterized, as well as electrical properties by impedance spectroscopy in a wide temperature range. Percolation threshold was determined from conductivity measurements at room temperature.
Modelling of the impedance properties allowed the analysis of the evolution of SWNT bundles and junctions' resistivity with temperature. Acid treatment of the SWNTs was carried out using a mixture of concentrated sulfuric acid (98%) and nitric acid (70%) in the ratio 3:1, with the aim of disentangle and cut the raw SWNT ropes, as described elsewhere. 18 The acid treated SWNTs were washed in high purity ethanol for several times and freeze-dried in order to avoid possible re-agglomeration. Colloidal processing of the composite powders was carried out in aqueous solution of pH 12, where both the SWNTs and the 3YTZP nanoparticle surfaces are negatively charged, using NH 3 to adjust the solution pH. In a first step, independent SWNTs and ceramic powder solutions were prepared and subjected to ultrasonic agitation for 15 min in an ultrasonic bath, or by means of an ultrasonic probe (Model KT-600, Kontes Inc., Vineland, NJ). In a second step, 3YTZP + SWNTs powder solutions were mixed in aqueous solution and subjected to ultrasonic agitation for 15 min by means of the ultrasonic bath/probe, followed by drying on a hot plate while being stirred. Finally, composite powders were homogenized in agate mortar. 
Experimental procedure

Materials processing and sintering
Microstructural and electrical characterization
Phase identification was carried out using X-ray diffraction (XRD, model D8
Advance A25, Bruker Co., Massachusetts,USA). Structural integrity of SWNTs in the composites after SPS sintering was assessed by Raman spectroscopy on fracture surfaces using a dispersive microscope (Horiba Jobin Yvon LabRam HR800, Kyoto, Japan) equipped with a 20 mW He-Ne green laser (λ = 532.14 nm). The microscope used a 100x objective and a confocal pinhole of 100 µm.
Microstructural studies of composite fracture surfaces were performed by high- =2(area/π) 1/2 , and the shape factor, f =(4π·area)/(perimeter) 2 . Standard deviation of distributions was also evaluated. ImageJ software was used for morphological analysis.
Electrical characterization was carried out by Impedance Spectroscopy using an Agilent 4294A analyzer in the frequency range from 100 to 2x10 6 Hz, at temperatures from 25 to 450 °C. Measurements were carried out in argon atmosphere to avoid oxidation of the samples and subsequent degradation of the SWNTs during the process.
Colloidal silver paste was applied on both sides of the samples and electrodes were fired at 600 °C for 30 min under argon flow. Equivalent circuit approach was adopted for the data analysis with fitted curve using Z-view software and equivalent circuit model.
Results and discussion
Microstructural characterization
Microstructural data for ceramic grains in the composites prepared using the ultrasonic probe, together with density values, are shown in Table 1 . Relative densities higher than 98% were obtained in the three composites, so an almost full densification was obtained with the selected sintering parameters. Similar mean grain size and shape factor were measured in the composites with different SWNT vol% and no significant differences were observed compared to the composites prepared using the ultrasonic bath. 17 Raman spectra of the composites (shown in supplementary information)
revealed the presence of SWNT characteristic bands, in particular the low-frequency radial breathing mode (RBM) and the G band, confirming absence of significant damage to the SWNTs during processing and sintering. D band, associated with crystalline defects, was also observed. I D /I G ratio calculations for the composites prepared with the high energy ultrasonic probe (3.0, 6.3 and 7.9 % for 0.5, 1 and 1.5 vol% SWNT, respectively) gave values similar to those published8 prepared with the ultrasonic bath (6.6, 6.5 and 7.2 % for 0.5, 1 and 1.5 vol% SWNT, respectively), pointing to a similar amount of crystalline defects in the nanotubes.
XRD patterns of the sintered composites are shown in Fig. 1 . In all the samples, it is clear the presence of the tetragonal phase (JCPDS 01-078-1808) as the main one, with a contribution of the monoclinic phase (JCPDS 01-081-1314). A higher intensity of the main peak corresponding to the monoclinic phase (at 28.2 º2θ) is observed in the composites prepared using ultrasonic probe (Fig. 1b) , pointing to a higher contribution of this phase. Also, an increase of this peak is clearly observed when increasing the SWNT content in both sets of composites. Recently, our group reported 19 an increase of the monoclinic phase contribution in high SWNT content 3YTZP composites when increasing the SWNT content from 2.5 to 10 vol%, which we related to a tetragonal to monoclinic transformation promoted by the presence of carbon nanotubes in the microstructure. Such transformation was also evidenced by Bocanegra-Bernal et al. 23 for zirconia toughened alumina (ZTA)/0.01 wt% MWNT composites pressureless sintered in air using graphite as bed powder. The SWNTs surrounding the zirconia grains generate a reducing atmosphere during sintering, which promotes the partial destabilization of the tetragonal phase and thus, the presence of the monoclinic one. For high SWNT content, we showed that the higher the SWNT vol%, the higher the monoclinic phase contribution.
In this study, the higher contribution of the monoclinic phase obtained for the same SWNT contents in the composites prepared using the ultrasonic probe points to a better SWNT distribution in the ceramic matrix in these composites. We have shown that processing of these composites by means of the ultrasonic bath is not successful in completely avoiding SWNT agglomeration. 17 36%, 26% and 27% of the nominal carbon nanotubes were contained in agglomerates for composites with 0.5, 1 and 1.5
nominal SWNT vol%, respectively, and the real contents of nanotubes at the grain boundaries were estimated to be 0.32, 0.74 and 1.1 SWNT vol%. When using the ultrasonic probe a lower amount of agglomerates is expected 21 and a higher content of nanotubes surrounding the zirconia grains will promote the destabilization of the tetragonal phase, giving place to a higher contribution of the monoclinic one.
HRSEM images (Fig. 2) show the typical appearance of the fracture surfaces of the composites prepared by using the ultrasonic probe, illustrating the adequate dispersion of SWNT bundles surrounding zirconia grains. The fracture mode is mainly intergranular and debonded CNTs from the matrix can be observed on the fracture surfaces. CNT agglomerates were scarcely found in these high-resolution observations. 24 and Poorteman et al., 12 or ~0.8 vol% published by Ahmad et al. 9 for Al 2 O 3 /MWNT composites. However, it is lower that the published ones for zirconia/CNT composites, ~1.7 vol% or 5.5 vol% reported by Shin et al. 13 and
Electrical characterization
Shi et al., 10, 11 respectively. This is consequence of the low presence of agglomerates in our composites, leading to a higher amount of SWNT distributed in the ceramic grain boundaries.
Remarkably higher values of room temperature conductivity have been achieved in the composites when using the ultrasonic probe, in comparison with the conductivity of the composite with 1.5 vol% SWNT prepared using the ultrasonic bath (σ= 6x10 -6 S·cm -1 ). 17 Thus, it is clear that the decrease of the percolation limit and the increase of the room temperature conductivity are consequences of the excellent dispersion of the carbon nanotubes throughout the ceramic matrix achieved by introducing the use of the ultrasonic probe in the processing routine.
When impedance spectroscopy measurements are carried out in carbon nanotube conducting networks, and considering that the network is formed by carbon nanotube bundles and junctions between these bundles, the characteristic length scale of the network can be associated with the distance between junctions in the SWNT network. 25 The transition from long-range transport (frequencies are lower than the correlation frequency and charge carriers move over long distances) to localized carrier confinement (higher frequencies, charge carriers move only within the bundles) is characterized by a falloff in the real impedance with increasing frequency, and a maximum in the imaginary impedance (Fig 4) . It can be observed the increase of the falloff frequency from 25 to 55 kHz, and the decrease of real impedance from 5.8 to 3.5 kΩ·cm, when increasing the SWNT vol% from 1 to 1.5. This result is similar to the reported one by Garrett et al. 25 for thin films of SWNT networks prepared with different SWNT loadings.
In this context, when modelling the impedance properties of a ceramic composite with a SWNT percolated network, an equivalent circuit model consisting of two R-C elements in series describes suitably the conduction through SWNT junctions and bundles. 17, 25, 26 It has been established by different authors that the resistance across junctions is higher than the resistance through the carbon nanotube bundles themselves. [27] [28] [29] Thus, the lower resistance element will be assigned to the SWNT bundles and the higher resistance one will be assigned to the junctions between bundles. Table 2 displays the fitting parameters (resistivity and capacitance) of the single impedance arc at room temperature obtained for the composites with 1 and 1.5 vol% SWNT prepared by using the ultrasonic probe. Parameters reported for the composite with 1.5 vol% SWNT prepared by using the ultrasonic bath were included in order to establish a comparison. A remarkable decrease of both bundles and junctions resistivities is observed in the composites when replacing the ultrasonic bath by the probe in the processing routine. In our previous study, 17 the observed high junction resistivity was related to the existence of junctions involving large diameter bundles or SWNT agglomerates, on the other hand, previous authors had shown that the junction resistance is strongly dependent on the size of the interconnecting bundles, with the smallest values associated with individual tubes. 28 Thus, the processing efforts devoted in this study to minimize the presence of SWNT agglomerates in the composites, have clearly leaded to reduced bundle diameter, resulting also in a reduced junction resistivity and an increased total conductivity.
In order to analyse the evolution of SWNT bundles and junctions resistivities with temperature we have modelled the single impedance arc obtained for the composites from room temperature up to 180 ºC, using the previously described equivalent circuit. Results of the modeling for both composites in this temperature range are shown in figure 5(a) . Evolution of resistivities for the composite with 1.5 vol% SWNT prepared using the ultrasonic bath 17 has been reprinted in figure 5 (b) for comparison. For the three composites it is observed that, whereas the SWNT bundle resistivity is almost constant with temperature, a decrease of junctions' resistivity takes place. Nevertheless, this decrease is significantly more remarkable for the composite prepared using the ultrasonic bath (65% decrease from room temperature to 180 ºC versus 25% for the composites prepared using the ultrasonic probe). The decrease of junctions' resistivity with temperature can be successfully described in terms of the fluctuation-induced electron tunneling across nanotube-nanotube junctions. 17, 30 Briefly, the small insulating barriers separating the conducting regions in the system are very susceptible to charge fluctuations, resulting in electric field fluctuations across the tunneling junctions. These fluctuations increase with temperature, giving place to a decrease of junctions' resistivity. It is clear that this effect is more remarkable in the case of the composite with large diameter bundles or SWNT agglomerates than in the case of the composite with reduced bundle diameter achieved by using the ultrasonic probe, resulting in the latter case in a smooth decrease of junctions' resistivity with temperature. Figure 6 shows the impedance plots, in the complex plane, acquired from 200 to 320 ºC in the composites with 1 and 1.5 vol% SWNT prepared by using the ultrasonic probe. Two impedance arcs are observed, with a different evolution with increasing temperature. Whereas the arc at higher frequency decreases monotonously with temperature, the arc at lower frequency increases up to 270-280 ºC and decreases for higher temperatures. This unusual behaviour is also observed in the Z'' versus f spectra where two peaks are observed, the one at higher frequency decreasing monotonously with temperature, and the one at lower frequency increasing and decreasing.
This behaviour is quite different from the typically described for an ionic conductor, with two arcs in the impedance plot, or two peaks in the Z'' spectrum, that decrease monotonically with temperature, the higher frequency one corresponding to conductivity through the ceramic bulk and the lower frequency one corresponding to conductivity through the grain boundaries. Data corresponding to a monolithic 3YTZP ceramic, sintered with the same conditions, have been included in order to establish a comparison. In the case of f Max1 , it can be observed that for the low temperature range the trend for the composites is not similar to the typical one of an ionic conductor, so it can be concluded that the higher frequency peak in the composites describes only the electronic conductivity through the SWNT network. For higher temperatures, the frequency in the composites tends to the one corresponding to the ionic contribution to conductivity through the ceramic bulk. Thus, in the high temperature range a mixed ionic-electronic conductivity is described by the higher frequency peak. Regarding f Max2 , it can be observed that this frequency in the composites is close to the one corresponding to the monolithic ceramic in the whole range of temperatures. Thus, it can be concluded that the lower frequency peak in the composites describes the ionic conductivity through the grain boundaries in the 3YTZP ceramic. However, it has to be considered that a great fraction of the grain boundaries is covered by SWNT in the composites. This fact was pointed as the main cause of the unusual behaviour of the low frequency arc with temperature (increasing and decreasing with an inflection point at 350 ºC) in the composite with 1.5 vol% SWNT prepared using the ultrasonic bath. 17 The SWNTs distributed at the ceramic grain boundaries reduce the ionic conductivity increasing the grain boundary resistivity until a certain temperature, when this effect is overcome and the grain boundary conductivity increases with temperature. It is interesting to note that this temperature is remarkably lower in the composites prepared using the ultrasonic probe in comparison with the reported value for the composite with 1.5 vol% SWNT prepared using the ultrasonic bath (270-280 ºC and 350 ºC, respectively). This result should be consequence of the reduced bundle diameter achieved in this study, as a lower temperature is needed by the ionic conduction to overcome the blocking effect of the SWNT distributed at the ceramic grain boundaries.
Arrhenius plots for total conductivity up to 340 ºC in the composites with a percolated network are shown in figure 8 . Data corresponding to a monolithic 3YTZP ceramic, sintered with the same conditions, have been included in order to establish a comparison. The slope of these diagrams was used to calculate the activation energy of the conducting species (Table 3 ). Significant differences are observed between the activation energies in the composites and in the monolithic ceramic. For the 3YTZP ceramic a value close to 0.8 eV was obtained. This value is consistent with the activation energy for the oxygen vacancies ionic conductivity in zirconia-based ceramic oxides. 31 However, significantly lower activation energies were obtained for the composites. On the other hand, remarkable differences are also observed between the composites prepared with the two different processing routines. Whereas for the composite prepared using the ultrasonic bath a single activation energy is observed in the whole temperature range (65 meV) for the composites prepared using the ultrasonic probe two different activation energies are observed (~20 meV from room temperature to 260 ºC and ~0.4 eV from 260 ºC to 340 ºC). From these activation energy values, the remarkable effect of SWNTs on the electric behaviour of the composites is evidenced.
In the low temperature range, the low activation energy is pointing to a charge transport dominated by the SWNT contribution. This activation energy is similar to the reported value for 8 mol% Y 2 O 3 -ZrO 2 /SWNT composites (30 meV). 14 For higher temperatures, the increase of the activation energy reveals the contribution of the ionic conduction giving place to a mixed ionic-electronic conduction.
Conclusions
Highly dense 3 mol% yttria doped zirconia matrix composites containing 0.5, 1 and 1.5 vol% SWNT, with analogous ceramic grain size and mainly tetragonal phase with a minor contribution of monoclinic phase were prepared by two different colloidal powder processing routines and SPS. An enhanced SWNT distribution throughout the 3YTZP ceramic matrix was obtained in the composites prepared by aqueous colloidal powder processing using an ultrasonic probe, as revealed by the higher contribution of the monoclinic phase in these composites, consequence of the transformation of the tetragonal phase to the monoclinic one promoted by the presence of SWNTs at the grain boundaries. A decrease of the percolation threshold of the carbon nanotubes in the 3YTZP matrix and an increase of the room temperature conductivity were also consequences of this optimal SWNT distribution.
Modelling of the impedance properties allowed separation of the individual SWNT bundles contribution to resistance from the resistance due to junctions between bundles in the composites with a percolating network. The remarkable decrease of both SWNT bundles and junctions' resistivity together with the smooth decrease of junctions' resistivity with temperature observed in the composites when replacing the ultrasonic bath by the probe in the powder processing routine pointed to a minimized presence of SWNT agglomerates together with a reduced SWNT bundle diameter in these composites.
Analysis of the frequencies of the maxima of the two peaks observed in the Z'' vs f spectra allowed identification of the different contributions to conductivity, pointing to electronic conduction through the SWNTs at low temperatures and a mixed electronic-ionic conductivity through the ceramic bulk in the high temperature range. A blocking effect to the ionic conductivity through the grain boundary was evidenced and related to the presence of SWNTs at the grain boundaries. This effect was overcome at a lower temperature in the composites prepared by using the ultrasonic probe, as a result of the reduced SWNT bundle diameter achieved in these composites. 
